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I. Summary of Experimental Section of the Above Captioned Application 



A. Test Array 



As explained in my previous declaration, in the working exemplification of the above- 
captioned application, an array was prepared in which the probe lengths ranged from 50 to 100 
nt. See Examples 2 to 4 of the above captioned application. In the prepared array, each spot was 
made up of equal length probes, such that one spot had only 50 nt length probes, one spot had 
only 60 nt length probes, one spot had only 70 nt length probes, one spot had only 80 nt length 
probes, one spot had only 90 nt length probes and one spot had only 100 nt length probes. The 
specific probe sequences displayed on the array are provided on pages 41 and 42 of the 
specification, in Table 1. 
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B . Generation of labeled target. 

A radio-isotopically labeled population of target nucleic acids that included a target 
nucleic acid for each probe on the array described above present in an equimolar amount was 
then prepared according to the protocol provided in Example 1. Thus, the prepared population of 
target nucleic acids included an equimolar amount of each different target nucleic acid member 
in the population. Furthermore, the each different probe on the array had a fully complementary 
target nucleic acid in the preparation population of labeled target nucleic acids. 

C. Hybridization 

The population of labeled target nucleic acids was then hybridized to the array using the 
protocol described in Example 5. Briefly, the population of target nucleic acids was contacted 
with the array under hybridization conditions and maintained for a set period of time, followed 
by washing to stop hybridization. Thus, each target was in contact with the array under the same 
hybridization conditions for the same period of time. 

Any resultant hybrids present on the array were then detected by phosphorimager. 

D. Evaluation of Hybridization Efficiency 

Hybridization efficiency is a term well known to those of skill in the art. The term 
describes efficiency of interaction between two complementary nucleic acids. In other words, the 
term describes the yield of hybrids between target and probe after a hybridization based assay. 
"Intensity of hybridization signal" is an experimental measurement that corresponds directly to 
the yield of hybrid formation or hybridization efficiency and thus is used as a measure of 
hybridization efficiency. Thus, hybridization efficiency is measured by looking at the 
intensity of hybridization signal. As such, measuring relative intensities of the signals 
corresponding to different size oligonucleotide probes provides a measurement of the relative 
efficiency of hybridization between target and probe. 
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Accordingly, as described in Example 6, signal intensity was measured using a 
phosphorimager and the results were employed to prepare the following figure: 
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Because signal intensity is directly proportional to the hybridization efficiency, as 
described above, Figure 1 shows the hybridization efficiency of each of the different probe 
lengths on the array. 

Figure 1 also shows that the hybridization efficiency dramatically depends on the size of 
the immobilized probe in the range between 50 and 100 nucleotides. For example differences in 
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the hybridization yield between 50 mer and 60, 80, 100-mer is about 3, 4 and 5-fold respectively 
higher for the longer probes. This finding means that hybridization efficiency is proportional to 
the 5-10 power of the length of the probe in this size range. 



Essentially the same experiment was performed with the addition of 35-mer length 
probes. The results of this experiment are provided graphically below: 
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As can be seen from the above plot, the hybridization efficiency (as provided in terms of 
signal intensity) unexpectedly increases over 35 to 100 nt length range. We also discovered that 
differences in hybridization efficiency demonstrated slow exponential growth (close to linear 
dependance from the target length) between 35 and 50 nt targets, dramatic exponential growth 
between 50 and 70 nt targets (proportional to the 5-10 power of the target length) and followed 
by close to linear growth between 70 and 100 nt. 
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II. Results That Were Expected 

Prior to conducting the experiments reported in the specification and summarized above, 
it was my expectation, which is the same as that which those of skill in the art would expect, that 
the hybridization efficiency would not be what was actually observed, but would instead be one 
of the following: 

1. Based on the teachings of hybridization chemistry in "Nucleic acid hybridization - a 
practical approach" (ed. by B.D. Hames & SJ. Higgins) 1990, IRL Press, pp. 62 and 77; a copy 
of which is enclosed as Exhibit A) it was found experimentally for solution phase hybridization 
in which both the target and probe are present in solution that the rate of re-annealing 
(hybridization) is proportional to square root of the length of the shorter strand. This finding 
means that if one compares the rate of hybridization of a 50-mer and a 100-mer, the 100-mer 
should hybridize at about a 1.4-fold higher rate (and efficiency) than 50-mer, so that there is less 
than a 2-fold difference in hybridization efficiency between the different 50-mer and 100-mer 
sizes. 

With respect to solid phase-based hybridization assay with which the claimed arrays are 
employed where the probe is attached to the solid surface, the rate-limiting step for this 
type of assay can be different and not even depend on the size of the probe or the target. 
Nevertheless it was found that for diffusion-limited array hybridization (probe immobilized on 
array is the excess in comparison with target in the solution), the rate of hybridization (and 
intensity of the signal) was inversely proportional to the molecular weight of the target. 
From a practical point of view this finding means that the longer the target the less hybridization 
rate. For nucleation-limited reaction, the rate of hybridization was found independent of the 
molecular weight of the target. While no data was published for dependance of hybridization rate 
from probe length in the range 30 to 100-mers, based on the above teaching one of skill in the art 
would expect that the hybridization rate would not depend on probe length or would be inversely 
proportional to the length of the probe. 
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2. Based on the teaching of "DNA probes" (ed. by George H. Keller & Mark M. Manak) 
1993, Stockton Press, pp.6-8; this reference teaches that the rate of solid-phase hybridization is 
inversely proportional to the size of the target, i.e. the longer target the less hybridization rate. 
As such, hybridization efficiency should decrease as probe length increases. A copy of this 
reference is enclosed as Exhibit B. 

3. Based on the teaching of "DNA Probes: Applications of the principles of Nucleic acid 
hybridization" by James G. Wetmur in Critical Reviews in Biochem. and Mol. Biol. (1991) 26 
(3/4):227-259; the author reviews the current knowledge of hybridization-based assay and states 
that while solid-phase hybridization is poorly studied so far and hybridization kinetics could be 
more complicated, the hybridization kinetics observed with array formats could be described as 
for solution phase based hybridization. 

4. Conclusion: 

As demonstrated above, prior to my work in this area as embodied in the present 
application and claims, the prior art teachings indicated that the expected hybridization rate 
should be inversely proportional for solid phase hybridization, such as array hybridization, or at 
best proportional to the square root of the length of the target if the hybridization efficiency 
followed solution phase hybridization efficiency findings. 

III. Conclusion 

The present application and claims are based on our discovery of the unexpected, unusual 
behavior of the oligonucleotides in the range of 50 to 100-mers. The unexpected finding is that 
the hybridization rate (hybridization efficiency) dramatically depends on the size of the 
immobilized probe in the range between 50 and 100 nucleotides. For example differences in the 
hybridization yield between 50 mer and 60, 80, 100-mer is about 3, 4 and 5-fold respectively 
higher for the longer probes. This finding means that hybridization efficiency is proportional to 
the 5-10 power of the length of the probe in this size range. This dependence is completely 
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unpredictable based on the prior art knowledge, as summarized above. 

As such, using a probe length of 50 to 100 nt provides unexpected results. 

I further declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; that these statements were 
made with the knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code; and that 
such willful false statements may jeopardize the validity of the application or any patent issuing 
thereon. 





Alex Chenchik 



enc 



• Exhibits A, B & C 
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Quantitative Analysis of Solution HybridimKn 



cDNA. The theoretical curve which is predicted by Equations 20-22 is superimposed 
on the data, assuming that k = 182 litre, mol" 1 . sec" 1 . It is clear from Figure 6 that 
the slowest reaction, which has a D 0 f^ of 5.5 x 10 -3 mol. litre -1 , sec, occurs for 
R G = D 0 . Thus if all reactions are taken to a D 0 t value of at least 20 times this value, 
we can be sure that all reactions are complete irrespective of the ratio R 0 /D Q . Hence, 
provided the rate constant of the reaction between the cDNA and its complementary 
mRNA is known, conditions can be chosen such that all reactions between a cDNA 
and an RNA whose complementary sequence content is unknown are complete. 

6. FACTORS AFFECTING REACTION RATES 

The rate at which complementary strands of nucleic acid form stable base-paired duplexes 
is dependent on a number of factors. These can broadly be divided into factors concern- 
ing the state of the nucleic acids, the conditions of incubation and the methods of detec- 
tion used. If a set of reannealing or hybridisation experiments is carried out under 
identical conditions using nucleic acids of identical composition then the rates of reac- 
tions may be compared directly. If, however, as is more often the case, there are dif- 
ferences in the condition or composition of the nucleic acids, it is important to know 
which correction factors should be applied before reaction rates may be compared. The 
influence of such factors has been extensively reviewed elsewhere (16—18) and so only 
the main conclusions are presented here. Additional discussion of some of these fac- 
tors is given in Chapter 4. 

6.1 Nucleic Acid Length 

The theoretical considerations of Wetmur and Davidson (1) predicted that the rate of 
reannealing of DNA would be proportional to the length (L) of the fragments. However 
it was found experimentally to be proportional to the square root of the length. This 
difference was attributed to an excluded volume effect which results in the complemen- 
tary strands being unable to interact completely. The dependence on L was shown to 
hold over three orders of magnitude starting with L = 100 nucleotides. 

In most DNA reannealing experiments the average length of the complementary 
strands is the same since DNA is usually randomly sheared prior to annealing. In some 
experiments, however, DNA strands of different lengths may be reannealed and it has 
been shown that the rate of such a reaction is proportional to the square root of the 
shorter of the annealing strands (19). 

Hutton and Wetmur (20) studied rates of hybridisation using 0X174 DNA and RNA 
transcribed with E. coli polymerase. Their results established clearly that the rate of 
hybridisation was proportional to the square root of length of the RNA, which in this 
case was the shorter strand. These results hold over a 5-fold range in molecular weight. 
Hence it has been well established that the rate of both DNA reannealing and RNA- 
DNA hybridisation is proportional to the square root of the length of the shorter strand. 

6.2 Base Composition 

Hutton and Wetmur (20) demonstrated that if the genome size and molecular weight 
of sheared DNA is taken into account, as indicated by Wetmur and Davidson (1), 
bacteriophage T2 DNA (34% G + C) and bacteriophage T7 DNA (50% G + C) have 
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in probe excess to being in filter-bound excess where, as we have seen, the kinetics 
are different. Increasing the concentration of probe in solution, [C s ], will increase the 
initial rate of hybridisation at the filter and the proportion of filter-bound sequences 
in duplex will increase, but not dramatically. For DNA probes and filter-bound RNA, 
as in RNA dot blots, high concentrations of formamide can be used to suppress reassocia- 
tion in solution (see Section 4.1.2). 

3.1.2 Single-stranded Probe 

Whether in excess or not, there is no reassociation of a single-stranded probe in sol- 
ution unless there are regions of extensive self-complementarity . The rate of hybridisation 
to the filter and the amount of hybrid formed should increase with increase in [C s ]. 
It is important to note, however, that the probe concentration should not be increased 
without limit. If more than about 100 ng 32 P-labelled probe per ml is used, non-specific 
irreversible binding to the filter occurs. 

3.2 Probe Complexity 

For solution hybridisation, the rate of reassociation of DNA is an inverse function of 
its complexity, so that the more complex the DNA, the slower the rate of reassociation 
(2,12). Extending this to filter hybridisations, the rate of reassociation of the probe 
should fall when the complexity of the DNA increases and its effective [C s ] decreases. 
TJiis is indeed what is observed (9). In contrast, two effects of complexity are seen 
for hybridisation of the probe to filter-bound nucleic acid sequences. When [C f ] is low, 
the rate of hybridisation is inversely proportional to complexity over a 400-fold range, 
indicating that the reaction is controlled by the nucleation step. However, when the 
hybridisation reaction is limited by diffusion of the probe to the filter, that is when 
[C f ] is high, the rate of reaction is independent of complexity (9). 

3.3 Molecular Weight of the Probe 

For DNA-DNA hybridisation in solution, the rate is directly proportional to the square 
root of the molecular weight of the nucleic acid (12) and this also describes the re- 
association of the probe in solution during filter hybridisation (9). However, the effect 
of the molecular weight of the probe on the rate of hybridisation to filter-bound sequences 
contrasts sharply with that found in solution. Two situations can occur. When [C f ] is 
low compared with [C s ], that is, a nucleation-limited reaction, the rate of hybridis- 
ation is independent of the molecular weight (9,10). When [C f ] is high compared with 
[C s ], that is, diffusion-limited filter hybridisation, the rate of hybridisation is inversely 
proportional to the molecular weight of the probe, but there are insufficient data for 
an exact relationship to be formulated. The observed rate of hybridisation is significantly 
depressed by an increase in the molecular weight of a single-stranded probe (which 
is not capable of reassociation). This effect is even more pronounced when a double- 
stranded probe is used. This is because the combined effects of a lower rate of hybridis- 
ation and the increased rate of reassociation, which accompanies an increase in molecular 
weight of the sequences in solution, result in lower observed rates of hybridisation and 
a reduced final yield of hybrid. The difference in dependence on molecular weight of 
the two types of filter hybridisation is not understood. 
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1. Probe length should be between 18-50 nucleotides. Longer probes will 
result in longer hybridization times and low synthesis yields; shorter 
probes will lack specificity. 

2. Base composition should be 40-60% G-C. Non-specific hybridization 
may increase for G-C ratios outside of this range. 

3. Be certain that no intra-probe complementary regions are present These 
may result in the formation of "hairpin" structures which will inhibit 
hybridization of the probe. 

4. Avoid sequences containing long stretches (more than four) of a single 
base (i.e., -GGGGG-). 

5. Once a sequence meeting the above criteria has been identified, 
computerized sequence analysis is highly recommended. The probe 
sequence should be compared with the sequence region or genome that it 
was derived from, as well as to the reverse complement of the region. If 
homologies to non-target regions greater than 70% or 8 or more 
nucleotides in a row are found, that probe sequence should not be used. 

Following these guidelines does not guarantee that a useful 
oligonucleotide probe will result, but it gready enhances the chance of success. 
The final test is to synthesize, label and hybridize the probe to specific and 
non-specific target nucleic acids over a range of hybridization temperatures. 

HYBRIDIZATION RATE 

Traditional analysis of hybridization rate was based on DNA reassociation 
studies. Under those conditions, probe and target strands were present in 
solution and at equal concentrations. Modern hybridization experiments are 
often conducted in probe excess whether they involve solution hybridization 
or solid-phase hybridization to immobilized targets (filters, beads). However, 
in the case of target capture hybridization, the probe is immobilized and the 
target nucleic acid is present in excess. In fact, since the solid-phase targets or 
probes are not in solution, realistic concentrations cannot be calculated for 
these target nucleic acid species. For these reasons, the traditional second- 
order rate formulas usually cited for hybridization reactions will not be 
discussed, only first-order kinetic relationships will be described. 

In probe-excess situations, the hybridization rate is mainly dependent 
upon probe length (complexity) and probe concentration. The first order 
formulae presented below are descriptive of single-stranded probes present in 
excess over target sequences. Double-stranded probes exhibit similar kinetics 
at short (1-4 hours) hybridization times, but not at longer times because of 
reassociation of the probe, which decreases the available probe concentration. 
Equation [1.1] (Meinkoth and Wahl, 1984) can be used to estimate the time 
required to hybridize half of the probe to its immobilized target sequences: 
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ln2 



[1.1] 



kC 



k = rate constant for hybrid formation (mol liter/nucleotides s) 
C = probe concentration in solution (mol of probe molecules/liter) 

The rate constant, k, is dependent upon probe length (L), probe complexity 
(N), temperature, ionic strength, viscosity and pH. L = N for probes which 
contain no repeated sequences. For example, for a 40-mer that contains two 
copies of a 20 nucleotide sequence, L = 40 and N = 20. The relationship of k 
to these variables is: 



k = 



N 



[1.2] 



k n is the nucleation constant and is 3.5 x 10 5 for Na* concentrations of 0.4-1.0 
M, pH values of 5-9 and hybridization temperatures 25°C below the T m of the 
probe-target hybrids (Wetmur and Davidson, 1968). To calculate the rate, in 
seconds, for hybridization of half of the probe to its target, equations [1.1] and 
[1.2] can be combined to give: 



Nln2 

[uiisxK^a^c 



[1.3] 



For a probe 500 nucleotides in length, the numbers would be: 

= 75,000 s or 20 hours 



tl/2 = 



500(0.693) 
3.5 x 105(22) 6 xlO* 10 



1 1/2 

(hours) 




500 1000 1500 
Probe length (nucleotides) 



2000 



Figure 1.4 Effect of Probe Length on Hybridization Rate at Constant Molar Probe 
Concentration. Data points were calculated using equation [1.3] and a constant molar 
probe concentration (6.1 x 10~ 10 M) equivalent to a 500 nucleotide probe at 100 ng/ml. 
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Figure 1.4 graphically shows the relationship between t m and probe 
length for a range of probe sizes and a constant molar concentration of probe. 
The very long times for probes longer than 500 nucleotides illustrate the 
importance of using relatively short probes and the usefulness of hybridization 
accelerators, since hybridization times exceeding 18 hours are impractical. 
These times must be considered estimates because the increase in rate with 
probe length predicted in equation [1.3] is probably not always valid. This is 
due to the wide range of possible probe sizes (the factor L may not adequately 
compensate for probes >1 kb because of diffusion and viscosity effects), as 
well as the fact that all of the immobilized target may not be available for 
hybridization. 

PROBE CONCENTRATION 

In general hybridization rate increases with probe concentration. Also, within 
narrow limits, sensitivity increases with increasing probe concentration. In 
our experience (with long probes), the concentration limits for sensitivity are 
approximately 5-100 ng/ml for 32 P-labeled probes in filter hybridizations, 25- 
1,000 ng/ml for non-radioactively-labeled probes in filter hybridizations and 
0.5-5.0 \ig/m\ for in situ hybridizations with either type of label. The 
.concentration limit is not determined by any inherent physical property of 
nucleic acid probes, but by the type of label and non-specific binding 
properties of the immobilization medium involved. 

STRINGENCY 

Factors that affect the stability of hybrids determine the stringency of the 
hybridization conditions. Since hybridization occurs most readily at 25°C 
below the T m of the hybrids, the calculation of T m is a necessary first step. 
Equation [1.4] illustrates the relationship between factors which determine T m . 
The stringency can be adjusted as required by changing salt concentration, 
temperature or formamide concentration. For DNA:DNA hybridization using 
probes of more than 20 nucleotides: 

T m = 81.5°C + 16.6 logM + 0.41(%G+C) - 500 [1.4] 
n - 0.6 1 (%fonnamide) 

M = [Na + ] in mol/liter 

n = length of shortest chain in duplex 

Thus for a probe of 500 nucleotides, containing 42% G + C, in 5x SSC (0.75 
M Na + ) and 50% formamide: 

T m = 81.5 + (-2.07) + 17.22 - 1 - (30.5) = 65°C 

T k K = 65°C-25°C = 40°C 
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DNA Probes: Applications of the Principles 
of Nucleic Acid Hybridization 

James G. Wetmur 

Department of Microbiology, Mount Sinai School of Medicine, New York, New York 

Referee: Jacques Fresco, Dept. of Biochemical Sciences, Lewis Thomas Laboratory, Princeton, NJ 08544 

ABSTRACT: Nucleic acid hybridization with a labeled probe is the only practical way to detect a complementary 
^get sequence .n a complex nucleic acid mixture. The first section of this article covers quantitative aspect 
of nucle.c acid hybndradon thermodynamics and kinetics. The probes considered are oligonucleotide? or 
polynucleotides DNA or RNA single- or doub.e-stranded, and natural or modified, either in the nucleotii 
bases or ,n the backbone The hybndization products are obexes or triplexes formed with targets in solution 
or on sohd supports. Add,t.onal topics include hybridizatk,., acceleration and reactions involving branch mi- 
gration. The second sect.on deals with synthesis or biosynthesis and detection of labeled probes, with a discussion 
of ten- sens.fv.ty and specificity, limits. Direct labeling is illustrated with radioactive probes. The discussion 
of mdtrect labels begun w,th biotinylated probes as prototypes. Reporter groups considered include radioactive 
fluorescent and chem,luminescent nucleotides, as well as enzymes with colorimetric, fluorescent, and lumi- 
nescent substrates. 

SSe?' NUCl6iC hybridizati ° n * thermod ynamics, kinetics, single-stranded DNA branch migration, 



I. INTRODUCTION 

Nucleic acid hybridization with a labeled 
probe is the only practical way to detect the pres- 
ence of a complementary target sequence in a 
complex nucleic acid mixture. The goal of this 
article is to develop a unified approach to all types 
of nucleic acid hybridization. 

Quantitative aspects, thermodynamics, and 
kinetics of hybridization are explained below in 
Section II. Three temperatures are distinguished 
and calculated for (1) melting of polynucleotides, 
(2) melting of oligonucleotides, and (3) disso- 
ciation of oligonucleotide probes from targets im- 
mobilized on solid supports. The hybrids con- 
sidered include DNA duplexes and triplexes, RNA 
duplexes, and RNA-DNA hybrids, including in 
each case structures with nucleotides modified in 
the bases or in the backbones. Hybridization rates 



are calculated for the same probes reacting with 
targets in solution and on solid supports. Addi- 
tional topics include acceleration of hybridization 
using inert polymers, emulsions, or proteins as 
well as quantitative aspects of reactions involving 
single-stranded DNA branch migration, includ- 
ing D-loop formation, R-loop formation, dis- 
placement reactions, and branch capture reactions. 

The synthesis or biosynthesis and the detec- 
tion of labeled probes are considered below in 
Section III, with a discussion of their sensitivity 
and specificity limits. Direct labeling is illus- 
trated with radioactive probes, including end la- 
bels and internal labels. Indirect labels are de- 
tected after they bind proteins or other molecules 
that act directly or indirectly as reporters. The 
discussion of indirect labels begins with bio- 
tinylated probes as prototypes. Reporter groups 
include radioactive, fluorescent, and chem- 
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4,5',8-trimethylpsoralen is attached to a radio- 
labeled oligonucleotide, a duplex with a long 
complementary polynucleotide may be trapped 
by photocrosslinking and T m may be deter- 
mined. 61 - 62 The partial duplex product may be 
detected following separation by alkaline agarose 
gel electrophoresis 63 or other methods. This pho- 
tocrosslinking method extends the temperature 
range where oligonucleotide binding may be in- 
vestigated, thus permitting more complete mea- 
surements of the effect of polynucleotide sec- 
ondary structure on oligonucleotide binding. 61 62 
Methylphosphonate oligonucleotides may be 
synthesized with attached 4'-(aminoalkyl)-4,5',8- 
trimethylpsoralen, 64 for photocrosslinking, as well 
as with attached EDTA, 65 which, when activated 
by Fe ++ + DTT, will cleave the target, acting 
as an artificial restriction enzyme. 

b. Triple Helices (Triplexes) 

Many recent studies of the hybridization of 
oligonucleotides with native DNA at sites per- 
mitting triple helix (triplex) formation have been 
carried out to explore the potential of these oli- 
gonucleotides or their derivatives as artificial re- 
striction endonucleases or antisense oligonucleo- 
tides. Triplexes have been formed in vitro at pH 
below 7 between polypurine-polypyrimidine 
stretches in DNA and polypyrimidine oligodeox- 
ynucleotides with the sequence parallel to the 
purine-rich strand in the DNA. Systematic stud- 
ies have been directed toward several variables: 66 
pH, salt concentration, % G + C, and mis- 
matches. The thermodynamic parameters for tri- 
plex formation have been determined. 67 It is in- 
teresting to note that the enthalpy per base pan- 
associated with forming a triplex from an oli- 
gonucleotide and a duplex was only one third 
that for forming a duplex from oligonucleotides. 
The triplets contained Hoogsteen base pairs be- 
tween the T in the oligonucleotide and the A in 
DNA, and between protonated dC (dC + ) in the 
oligonucleotide and dG in the DNA. Substitution 
of either BrdU for thymidine or MedC for dC, 
or substitution of both, increased the stability of 
the triplexes at pH 7.0, or 7.4, respectively. 68 A 
construct containing a 3'-3' bridge between op- 
posite sense oligonucleotide segments permitted 



triplex formation at adjacent polypurine and po- 
lypyrimidine sequences on a duplex DNA 
strand. 69 More recently, a purine*purine* 
pyrimidine triple helix motif (T may substitute 
for A) has been described with antiparallel po- 
lypurine strands, increasing the range of potential 
targets. 70 

Triplex-forming oligonucleotides containing 
EDTA-Fe + + have been activated to produce spe- 
cific, although very incomplete, cleavage of the 
DNA. 71 To date, the greatest specificity dem- 
onstrated has been a single cleavage of a yeast 
chromosome into which a 20 nucleotide target 
had been engineered. 72 

Intercalating agents have been added to in- 
crease binding affinity by short triplexes. Tri- 
plex-forming oligo-dT oligonucleotides contain- 
ing both 5'-EDTA-Fe + + and 3'-acridine have 
been investigated. 73 Sequence specificity of bind- 
ing was demonstrated by footprinting for an oli- 
gonucleotide with acridine attached to the 5'- 
end, 74 although the specificity test was quite lim- 
ited compared with that demonstrated above for 
a 20-mer oligonucleotide and yeast DNA. 72 

In addition to EDTA-Fe + + , other covalent 
additions used to mediate detection have included 
ellipticine, 75 which permits photocleavage,p-azi- 
dophenacyl, 76 which permits photocrosslinking, 
a N-bromoacetyl group, 77 which mediates alkyl- 
ation and staphylococcal nuclease. 78 



B. Hybridization 

We are using the term hybridization to in- 
clude all intermolecular duplex formation by 
complementary nucleic acid strands, including 
not only RNA-DNA hybridization, but also DNA 
renaturation or reassociation. Hybridization re- 
actions are illustrated in Figures lb and 2b. 



1. Hybridization with Polynucleotides 

The fundamental studies of hybridization, in- 
cluding the second-order kinetics 79 and the de- 
pendence on polynucleotide length 80 and infor- 
mation content or complexity, 79 - 81 were completed 
in 1968. The theoretical and practical aspects of 
hybridization have not changed appreciably since 
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the subject was reviewed in 1974. 82 ' 83 A com- 
prehensive book on hybridization was published 
in 1985. 84 Thus, what appears below will be a 
short summary of the subject, initially directed 
toward quantitative interpretation of solution hy- 
bridization reactions. 

Because the individual polynucleotide strands 
often do not contain the same sequences, the 
concentration term used for hybridization of po- 
lynucleotides is molar nucleotide residue con- 
centration (C 0 ), not strand concentration (C), as 
is used for both oligonucleotide denaturation or 
hybridization. 

The rate constant, (k 2 ), in M~ l s"\ for hy- 
bridization reactions is given by 



k, = 



kAVL 5 



N 



(3) 



where L s is the length of the shortest strand par- 
ticipating in duplex formation, N is the com- 
plexity or the total number of base pairs present 
in non-repeating sequences, and k* is the nu- 
cleation rate constant. The inverse dependence 
of k 2 on N results from mass action, where at 
constant C G increasing N means a lower concen- 
tration of any particular sequence. 

Because the yield of base pairs for a given 
nucleation increases as L s , the dependence of k 2 
on Vl] implies that fewer nucleation sites are 
available for reaction as the molecules get longer. 
Both experiments 12 ' 8085 and excluded volume 
theory 80 - 85 * 86 agree that circular permutation does 
not affect the yield of base pairs formed. 

Hybridization reactions are second order if 
the concentrations of the complementary strands 
are equal and pseudo-first order when the con- 
centration of one strand is in excess. In Equations 
4a and 4c, f ss is the fraction of potential duplex 
remaining single-stranded at time (t). 



k 2 C 0 



Pseudo-first order: 



f = e -k 2 c 0 .i 



for which the half time (seconds) is: 



In 2 
ko * C„ 



(4b) 



(4c) 



(4d) 



Equations 4a and 4c are used for plotting rate 
data. For the second-order reaction, a plot of 
l/f M vs. f, in seconds, gives a slope equal to 
k 2 -CJ2. For the first-order reaction, a plot of 
In (1/fJ vs. t gives a slope equal to k 2 -C 0 . 

Many hybridization reactions are carried out 
with excess target DNA or RNA, using tracer 
concentrations of labeled probe compared with 
the concentration of complementary sequences 
present in the target. Equations 4a and 4b de- 
scribe reactions between single- or double- 
stranded probes and double-stranded targets in 
solution. For all excess target reactions, C Q is the 
total (mostly target) nucleotide concentration. 

Example 4b 

Let G 0 = 1 .5-10~ 4 M (the same as 50 p-g/nil 
and, for native DNA, absorbance 260 nm = 1). 
Let[Na + ] = lsuchthatk^ = S.S-l&M- 1 sec" 1 . 
Digest the DNA with a restriction enzyme with 
a 4-base recognition sequence (frequency = 1/ 
4 4 ). The weight average length (nucleotides) is 
twice the number average (strands), giving L s = 
512. For Escherichia coli DNA: N = 4.2-10 6 . 

= KnV^ = 3.5 . . V5T2/N 
2 N 
= 1.9M" 1 sec" 1 



Second order: 



I « k 2 .%., 4- 1 
f« 2 



for which the half time (seconds) is 



(4a) 



and t xa = 



k 2 C c 



= 2/(1.9- 1.5- 10- 4 ) 



= 7000 seconds = 1.95 hours 
Single-copy target DNA: 
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increase the stringency or fidelity of hybridiza- 
tion with excess target. Alternately, with excess 
probe, reactions may be carried out at T^-25°C, 
leading to mismatched products, and these struc- 
tures may be subsequently eliminated by melting 
(e.g., washing at low salt). 

Because k^ is a very strong function of ionic 
strength at salt concentrations below 0.2Af, hy- 
bridization reactions should not be carried out in 
low salt. In the range of interest (0.25 ^ [Na + ] 
^ 4.0), the dependence of on salt concentra- 
tion is given by Equation 6. 88 

K = {4.35 • log 10 [Na + ] + 3.5} - 10* (6) 
for 0.2 < [Na + ] < 4.0 

Hybridization reactions may be carried out in 
denaturing solvents while maintaining high ionic 
strength. In these cases, k^ is reduced if the den- 
aturing solvent has a higher viscosity than k^ in 
l.OAf NaCl at 70°C. Examples include DNA hy- 
bridization in 2 AM Et 4 NCl or other tetraalkylam- 
monium salt solutions 88 and formamide, 89 where 
k/r decreases 1 . 1% for each 1% addition of form- 
amide. RNA hybridization may also be carried 
out in tetraalkylammonium salt solutions. In 
Et 4 NCl, k^ for RNA hybridization is almost an 
order of magnitude lower than k^ for RNA hy- 
bridization. The origin of this difference is 
unknown. 

In most solution hybridization reactions, the 
rate of diffusion of the probe is sufficient to as- 
sure reaction homogeneity. However, in reac- 
tions with trace probe concentrations, stirring may 
be necessary to assure homogeneity during the 
latter part of the reaction. 90 

Mismatches of up to 10%, although easily 
measured as a depression in T^, have essentially 
no effect on hybridization rates at the temperature 
of the maximum rate and may be ignored. 29 Thus , 
most of the modifications used for labeling probes 
described below in Section II, even if they sig- 
nificantly decrease T^ and T m , have little or no 
effect on k 2 . As mismatching is increased to 20 
and to 30%, where T^ is nearing the normally 
optimum hybridization temperature, k^ falls to 
half and then to zero. 

Subtractive hybridization, based on duplex 
structure with 91 or without 92 an affinity label, has 
been used to deplete one complex nucleic acid 



mixture, such as human DNA, of all sequences 
present in a second complex mixture, such as 
human DNA containing a deletion mutation. 
Subtractive hybridization with mammalian DNAs 
is facilitated by multiple copies of the desired 
product in the second mixture, 92 as well as by 
using one of the methods of acceleration of hy- 
bridization described below in Section ILB.4. 92 
Recently, subtractive hybridization has been car- 
ried out without multiple copies or use of an 
acceleration method by using PCR to amplify the 
products following subtraction. 93 

Possible DNA hybridization reactions in aga- 
rose gels include reassociation of bacterial DNA, 94 
permitting detection of restriction fragment length 
polymorphisms, and mammalian DNA, 95 " 97 per- 
mitting detection of amplified sequences. The 
method may be extended to permit differential 
cloning of restriction fragment length poly- 
morphisms in single copy mammalian DNA 98 us- 
ing another of the hybridization acceleration 
methods described below in Section II. B. 4. As 
a first approximation, the hybridization rates in 
gels may be predicted by assuming the same pa- 
rameters in the k 2 calculation for hybridization 
in the appropriate solvent and the same C 0 as was 
present in the well prior to electrophoresis. 



2. Hybridization with Oligonucleotides 

a. Duplexes 

Hybridization rates with oligonucleotides are 
also described by Equations 3 and 4a through d. 
The reactions are usually reported in terms of 
molar concentration of oligonucleotide (C), and 
not the nucleotide concentration (C 0 ). C 0 is C 
multiplied by the length of the oligonucleotide. 

The definition of complexity remains the same 
for oligonucleotides and polynucleotides. It is 
important to note that the increased complexity 
of mixed oligonucleotide probes used for screen- 
ing cDNA libraries 99 increases the half-time for 
hybridization proportionally. The Vl] depen- 
dence of k 2 has not been strictly verified for oli- 
gonucleotides, although estimates based on 
Equation 3 are remarkably accurate. 15 Equation 
3 may underestimate k^ for the shortest oligon- 
ucleotides where the availability of nucleation 
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sites may not decrease with increasing L s . The 
K for poly(rA) + poly(rU) 14 is S'lOW" 1 s" 1 
after correction from 0.4 to 1 .QM Na + . 

Compare the forward rate constant 100 for self- 
association of r(A 7 U 7 ) at HXMOMfii* s~ l : di- 
viding by the length of ,14 to get units of nu- 
cleotides and correcting the four-fold increase in 
rate for self-complementary reactions, k 2 = {100/ 
(4>14)H0Mf" ! s- 1 . Equation 3 with L s = N = 
14- for r(A 7 U 7 ) predicts: = k 2 -y/t a = 
{10OVT4/(4*14)}-10 4 3#- 1 s" 1 = I-IVM' 1 s~ ! . 

In this case, the same result is found for both 
oligonucleotides and polynucleotides. On the 
other hand, a similar calculation using a for- 
ward rate constant 38 of 4-10 4 iI#~ l s" 1 for 
d(GGAATTCC) gives kA = 35-\WM- x s' 1 in 
0.25M Na + , which is about fourfold higher than 
predicted by Equation 6. 

With polynucleotides, k„ is affected by tem- 
perature, ionic strength, and Viscosity. Just as 
with polynucleotides, oligonucleotide RNA hy- 
bridization rates are less than DNA hybridization 
rates, which are nearly the same as RNA-DNA 
hybridization, depending on % G + C. 101 

The temperature dependence of the rate of 
oligonucleotide hybridization is simpler than the 
bell-shaped dependence of k 2 on temperature. 
With polynucleotides near T£, k 2 decreases with 
increasing temperature as base pair formation rates 
at the end of duplex regions approach base pair 
dissociation rates. Hybridization with oligonu- 
cleotides usually takes place far below T£. In 
fact, there is little temperature dependence of k 2 
for oligonucleotide-oligonucleotide reac- 
tions. 38101 Reaction rates between oligonucleo- 
tides and polynucleotides at temperatures above 
T m but still well below T£, determined using 
psoralen photocrosslinking, indicate a tempera- 
ture dependence attributable to intramolecular 
pairing of the polynucleotide strand. 61 - 62 The ef- 
fect of solvent viscosity on oligonucleotide hy- 
bridization rates has not been studied adequately. 

The effect of ionic strength on T m is the same 
for oligonucleotides and polynucleotides. For ex- 
ample, the slope of a plot of (log k 2 ) vs. (-log 
[Na + ]) is 1.3 for DNA 80 in the interval 0.1 
<[Na+]< 0.7 and 1.4 for self-complementary 
d(GGAATTCC) 38 in the interval 0.05 <[Na + ]< 
0.3. Because the [Na + ] dependence of T m de- 
creases for both oligonucleotides and polynu- 




cleotides at high [Na + ], Equation 6 may be used 
for all hybridizations in the practical interval 
indicated. 

One of the steps in PGR with thermostable 
polymerases is an annealing step. 4 PCR primers 
are typically present at C = 1 \xM and are com- 
monly 20 nucleotides long. Given that k^ is 
S'lOW" 1 s" 1 in PCR buffer (equivalent to 0.20A/ 
NaCl), using Equations 3 and 4d, we predict 
t m = 3. By the time the annealing step temper- 
ature is reached, annealing is completed. At C 
= 0.01 \xM used for oligonucleotide ligation as- 
says, although t m is increased to 300 due to lower 
C and may be further increased in formamide- 
containing solvents. The t m is still much less than 
the ligation time and is not a variable in the assay. 

b. Triple Helices (Triplexes) 

A recent study of the kinetics of triplex for- 
mation, employing a restriction endonuclease 
protection assay, has led to the surprising result 
that triplex formation is quite slow. 102 All of the 
conditions studied, with 0.07 or 0.6A7 NaCl, cor- 
responded to high salt conditions because of the 
presence of 400 \xM spermine and 20 mM Mg + + . 
The forward strand rate constant observed at 37°C 
was approximately 1800A/ -1 s* 1 or, dividing by 
the length of 21, k 2 = 86A/* 1 s" 1 . Even after 
correcting k^ to 2*VPAf- 1 s" 1 at 37°, k 2 from 
Equation 3 for duplex formation was 500 times 
greater than k 2 observed for triplex formation. 

3. Reactions on Solid Supports 

a. Blots 

Most hybridization reactions on solid sup- 
ports occur with target nucleic acids noncova- 
lently or covalently linked to nitrocellulose or to 
a nylon-based (or other) membrane. If a probe 
is hybridized to a membrane replica of a library 
of plasmid-containing bacteria, or of bacterio- 
phages, following alkaline lysis in situ and im- 
mobilization of the DNA on the membrane, the 
procedures are called colony or plaque hybridi- 
zations, respectively. A similar screening pro- 
cedure may be used with yeast artificial chro- 
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mosome clones. 103 If the target DNA or RNA is 
applied directly to the membrane, the probe hy- 
bridization reaction is a dot blot, a slot blot, or 
simply a filter hybridization. Sandwich hybridi- - 
zations may be carried out using two adjacent, 
nonoverlapping probes . 104 * 103 

If the target is DNA that has been separated 
by gel electrophoresis prior to transfer (blotting) 
to the solid support, the reaction is called South- 
ern hybridization. 3 Southern hybridization may 
be carried out with large DNAs separated by 
pulsed field gel electrophoresis using several types 
of apparatuses. 106 " 110 Southern hybridization may 
also be carried out with small DNA fragments 
that are obtained from sequencing gels, allowing 
multiplex, 111 as well as direct 112 sequencing of 
complex DNAs. If the target is RNA that has 
been separated by gel electrophoresis, the reac- 
tion is called Northern hybridization. 

The fundamental aspects of hybridization on 
solid supports have not changed appreciably since 
the topic was the subject of a review in 1984 113 
and a chapter in a comprehensive book on hy- 
bridization published in 1985, 84 although addi- 
tional practical details may be found in recently 
updated cloning manuals. 114115 All of the results 
of variables affecting melting temperatures, de- 
tailed above for solution hybridization, are ap- 
plicable for hybridization on solid supports. The 
effects of temperature, ionic strength, denaturing 
solvents, and solvent viscosity on k£, and the 
lack of effect of base composition or limited mis- 
matching on kjCr, are the same in solution and on 
solid supports. 

Equation 3 needs to be reconsidered. The 
effect of complexity on k 2 is the same for hy- 
bridization in solution and on solid supports, but 
the effect of length is more complicated. When 
the probe is an oligonucleotide, Equation 3 is 
found to be valid. The same rates of hybridization 
are also found for 50-nucleotide probes simul- 
taneously hybridizing with 1 50-nucleotide DNA 
in solution and tethered once to latex beads. 116 
The newly described method for introduction of 
a residue during phosphoramidite synthesis, which 
may be used later with a variety of tethers, 117 
should permit a more thorough study of surface 
effects on hybridization with bound molecules. 




More is known about filter hybridization. In this 
case, the target nucleic acids are tethered to the 
solid support at many sites. Each short domain 
between tethers acts as an independent target. 
Thus, as the length of a polynucleotide RNA 
probe is increased, the rate of hybridization to 
immobilzed DNA is unchanged following RNase 
digestion and washing of the hybrids on the mem- 
branes. 118 At C 0 = 2.75 ilM, t in = 4800 s for 
4*174 (N - 5386) RNA-DNA hybridization in 
high salt, 50% formamide. According to Equa- 
tion 4d, k 2 = 53. According to Equation 3, 
k^VL] = 538053 = 2.9*10 3 A/- 1 s" 1 , which is 
2 to 4 times the value of k^ for RNA-DNA so- 
lution hybridization previously reported in this 
solvent. Apparently the first approximation to 
calculation of predicted k 2 values is to use Equa- 
tion 3 with L s set equal to 10, no matter what 
the actual length of the probe. 

Equations 4a through 4d also need to be re- 
considered. For those extremely rare occasions 
where the probe is at trace concentrations com- 
pared with the complementary target sequences 
on the membrane, Equations 4c and 4d are ap- 
plicable for both single- and double-stranded 
probes reacting with both single- and double- 
stranded target DNA or RNA, because the target 
DNA or RNA cannot hybridize with itself. The 
complexity and concentration of the target still 
govern the reaction, although this situation may 
be complicated if the probe is so dilute and the 
target is so concentrated that hybridization de- 
pletes the probe in the vicinity of the membrane. 
Then the reaction becomes dependent upon dif- 
fusion of the probe to the target. 

The more common situation is excess probe. 
If the probe is single-stranded, Equations 4c and 
4d again hold, but the complexity and concen- 
tration of the probe govern the reaction. If the 
probe is double-stranded, the problem of com- 
peting reactions occurs. The probe should not be 
longer than the effective length of the target 
strands, or the rate of probe-probe hybridization 
will exceed the rate of probe-target hybridization, 
and the kinetics will become much more com- 
plicated. A length mismatch does not affect the 
initial rate of hybridization, but becomes impor- 
tant at later times. Because such a length mis- 
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